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FOREWORD 


This documoit constitutes the final report for Task 4,3, Lift Selected Concepts, one 
of the five majcN* tasdcs described by the statemoit of work for contract NASl-14742, 
Selected Advanced Aerodynamic and Active Control Concepts Devel<^m«it. 

Ta^ 4.3 oicompasses three significant areas of investigatioi: 

1. A preliminary study of high-lift system impact on energy efficimit transput (BET) 
sizing 

2. An exploratim of hi^^ift technology gains available by designing to full-scale 
Reynolds numb^ usii^ the latest computational techniques 

3. Evaluation of the impact of the best design <m EET sizing and economics 

This report discusses the work conducted from August 1977 through July 1978. The NASA 
technical monitor fat all contract tasks was Mr. D. B. Middleton of the Energy Efficient 
Transport Project Office of the Langley Research Center. 

The high-lift system design study and the engineering coordination for the ta^ were 
conducted within the Aerodynamics Research Unit of the Boeing Commercial Airplane 
Compemy. The high-lift system impact study was conducted within the Preliminary 
Design department of the Vice President— Engineering vgemization of the Boeing 
Commercial Airplane Company. 

Boeing personnel who participated and their areas of ccmtribution are: 


G. W. Hanks 
J. L. Lundry 
M. L. Henderson 
Roger Anderson 
D. N. Ball 
Brindu Giridharadas 
Wayne Holmquist 
John Paulson 
R. L. Sullivan 
Max Taylor 
John Vachal 


Program manager 

Ta^ manager, hi^-lift selected concepts 

Principal investigator 

Aeroperformance 

Airfoil design 

Weights 

Low -speed aerodynamics 

Low-speed aerodynamics 

Aeropo'formance 

Stability and control 

Si^>ervisor, preliminary design, aero 


Although a large number of people contributed to the work of this task, Mr. Hoiderson 
and Mr. Sullivan were primarily responsible for writii^ the design applications and 
requirements definition elements, respectively, of this document. Mr. Henderson, as 
principal investigator, was r.^ponsible fw final integration. 

Principal measurements and c& ulations used during this study were in customary units. 
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1.0 SUMMARY 


llie three engineering investigations covered by this report and their broad objectives are: 

a. Design appUcati<a) studies: Determine the benefits to hi^^-lift system maximum lift 
and, alternatively, to high>lift system complexity, of applying newly developed 
analytic design and analysis techniques to the design of h^h~lif t secticms for flight 
conditimis. In thw investigatioi, two new hi^-lift sections were designed to fli^t 
conditicms. 

b. Requiremoits deHniticm studies: Clarify the influence of the h^-lift system on the 
sizing and eccmomics of a specific energy efficient transport (££T), using a 
computerized sizing technique and an exiting advanced airplane design data bas!^ 

c. Impact study: Evaluate the impact of the best design resulting from the design 
applicaticxi studies on EET sizing and eccmomics. 

The key results from each investigatiai are summarized below. 

Design Application Studies 

a. To gage the quality of the analirtic design work, the thewetical lift curve of a 
representative hi^-lift system, predicted by a Boeing computer program using 
separated flow theory (ref. 1), was compared with existing wind tunnel data. In this 
comparison, Cimax was predicted within 2%, and the angle of attack fw Cimax And 
Cl at low angles of attack were predicted correctly. Figure 1 displays these results. 
These analyses represented one of the most important products of the wwk since 
they represented a breakthroii^h in analytic capability. While the development of 
these programs v/as funded by Boeing IR&D money, the validation of their use in 
analyzing a representative transport high-lift secti<m ttmt was performed under this 
contract was invaluable in increaang confidence in the methods and will accelerate 
the ai^licatioi to both in-house problems and future contract work. 

b. A four-elemoit high-lift airfoil was redesigned at flight Reynolds number (17 x 106), 
using advanced analytical techniques. The redesign produced a 13% improvemoit in 
Cimax when compared with the hi^ Reynolds numbo* analysis of a similar airfoil 
defined using conventional techniques for low Reynolds numbor (2 x 106). itie 
theoretical lift curve of the redesigned airfoil is compared to the Uft curve of the 
conventioially designed (baseline) airfofl in figure 2. The geometries of the two 
sectiois are compared in figure 3. 

c. A three-element, simplified airfoil was designed at flif^t Reynolds numbw to 
produce the same Cimax as the conventioial four-element section. The theoretical 
lift curves and geometries of these two sectiois are compared in fibres 4 and 5, 
respectively. 

d. An important byproduct of these design tasks was the validation of a rational design 
method fo the synthesis of multielement high-lift airfoils. Using analytic 
tech*^ ,jes, this methodology allows optimizatioi of pressure distributions and 
airfoil shapes within the aerodynamic and structural restraints and greatly reduces 
trial and eiror in the desi^ process. This methodology represents a significant 
improvement in high-lift system d^ign techniques. 
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Figure 1. Lift and Pitching Moment Characteristics of Baseline Four-Element Airfoil 
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Stpwittd Flow Thtory Analyiit 

• Reynolds mimbtr « 17 x 106 

• Mach * 0.17 
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Figure 2. Theoreticat Lift Curves of the C£ Desi^ and the Baseline MrfoU 
at Flight Reynolds Numbers ”*** 


Redesigned for at Rn « 17 x lO'^ 
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Figure 3. Comparison of High Lift System Geometry 
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Figure & SmpliHed and Baseline High- Lift Syswn Geometric 


Requirement Definition Studies 

a. An advanced-technology, twin-engine transport configuratioi was selected as the 
baseline for all the sizing trade studies. This confi^atio) is iUustrated in figure 6. 

b. hi fixed-mission sizii^ studies, the baseline airplane was found to be insensitive to 
landing Cimfuc improvements due to the low wing loading required to satis^~ 
level takeoff and enroute engine-out altitude requirements, while minimizing : 
fuel, TOGW, and DOC. 

c. The baseline airplane perf(vmance was found to be most sensitive to improvements 
in takeoff lift-to-drag ratio (L/D), particularly at the lr*v lift coefficient levels 
typical of takeoff out of higl>, hot airfields (e.g., Denver). 

d. Selection of an airplane design for minimum energy consumptimi conflicts with 
selection for minimum takeofi gross weicd^t, for the 196-passenger, STOd^cm (2,000- 
nmi) missioi requirements assumed in the trade studies. The trade studies showed 
the following: 

1. Disregarding restraints imposed by takeoff, landing, and migine-out altitude, 
selection of an airplane desired for minimum energy consumption produced 
an 8.5% increase in takeoff gross weight relative to the minimum gross weight, 
design (fig. 7). 

2. Similarly, selection of an airplane design for minimum takeoff gross weight 
produced a 7% increase in energy consumption for the design mission relative 
to the minimum energy design (fig. 7). 
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Figun 6. Basetine Airplane, Model 768-7858 


3. Tile baseline airplane, which was selected to have minimum takeoff weight and 
to just satisfy the 2290-m (7,500>ft) sea-level takeoff requirements, has a 
0.5% increase in oiergy consumption and a 3.5% increase in takeoff we^t 
relative to the two design mimirna (fig. 7). 

Impact Study 

a. The 'Simplified” high-lift section produced in the design application studies most 

closely matched the requirements of the baseline configuration since, in thU. design 
effort, Cimax increased and the improved design techniques were directed 

toward simplifying the section and increasing L/D. Applying this device to the 
baseline confi^aticm resulted in a 13% (26-passenger) increase in payload out of 
Deiver relative to the baseline configuration. The improvement in L/D (5.6% at sea- 
level takeoff lift levels) achieved by this device did not result in wing resizing or a 
reducticm in airplane size, because the engine-out altitude requirement of 3660m 
(12,000 ft) woidd be violated at the higher wing loadings. 

b. If the wing were sized for minimum direct operating cost (DOC) for the hi(^ 
altitude, hot-day mission, then use of the ”<umpl!fied'' flap would result in a 0.6% 
reduction in DOC relative to the re^zed baseline. 
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Figure 7. Oss/jin Selection Chart for Reference Airplane, TSS^T^S 


Recommendati<»is 

Because the requirero«it studies and the design studies were <kme concurrently, rather 
than sequentially, the highHiift secti(xis designed under this ccmtract did not address 
specifically the performance requirements of the baseline cimfiguration. Foilow><m 
contract work should concentrate on the design of a high>]ift seetitm that would improve 
L/D performance at low*iift levels typical of the D^ver takeoff. 

It is recommended that a section designed for takeoff L/D and a sectitm designed during 
the study for improved Cimax ^ tested at the NASA>Langley Research C^ter Low- 
Turbulence Pressure Tunnel. 
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2.0 INTRODUCTION 


The high-lift system is an important factor in the <te^gn of a new airplane. Typi«tlly> the 
wing for a new design is sized to satisfy cruise cmisidmratioiw (initial cruise altitude, 
buffet margin, etc.) ami low-q>eed, hi|^-^ft considwations such as approach speed and 
takeoff n^d loigth. The impact of hi^lift design is fairly we& established for ctmvai- 
tioial transport c<mfigurati<ms; however, the effects on the airpimiie as it evolves toward 
a hi^h^aspect-ratio mimrgy-efficient cmfiguration are only now begiiming to be addressed. 
The future em^iasis an fuel efficimicy produce trends towi^ hitter aspect ratios 
and different wing loading and thrust loading matches, foreii^ <fifferent compromises in 
high^ft device design and size titan are typical of conventionally azed tran^twts. 

To address the total h^^-lift design j^blem, the work was divided into three studies: (1) 
a design a{^licati<m study, to det^mine itiiat improvements in h^^-lift system technol- 
ogy mi0it be available using imivoved design and ana^^ technique; (2) a requiremmits 
study, to determine the role a h^tHift system will play in the ^zing of an en»gy 
efficient transport (EET); and (3) en impact study, to assess the impact of any improved 
technology uncovered in the design study. 

Because of schedule constraints, tim requirements definition sti^ and h^Hift qfstem 
design application studies were performed concurrently. 

This sdieduling effectively decoupled the results of the two studies so that the design 
wOTk could not directly address the hi0i-lift requirements exposed in the requiremmits 
definiticm study. Ckmsequently, the two studies are treated separately in this A>cummit. 

In the future, the hi^lift airplane design proUem should be approached first by assessii^ 
how the high^ft system, in t^ms of device type, size, and technology, affects the 
airplane sizii^ and fiml efficioicy and thmi by exploring areas of advanced hi|^-lift 
sy^em design technology that would have h^ leverage in improving the airplane 
c(Hifigurati(m. This t}^ of two-phase study would produce maximum bmiefit from 
advanced high-lift technology design work by focuai^ the design wwk p^formance 
areas crucial to the airplane sizing. 

2.1 DESIGN APPUCATION STUDIES 

The purpose of this subtask was to investigate high-lift technology gains in terms of 
Cimax available or, alternatively, the flap simplifications possible when a hi^lift system 
was designed to fuU-scale opiating Reynolds numbers. 

Recent Boeing development of computerized anal 3 rtical techniques (refe. 1 and 2) has 
made possible the analysis and design of airfoil sections over a wide rai^ of Reynolds 
numbers. These computer programs account for the effects on sectim forces of both 
attached boundary lay^ and boundary layer separatimis ti»t may occur on any at aU 
elements in a multielement airfofl sectimi. In the design mode, the programs may be used 
first to design a pressure distribution to specific boundary layer parameters and then to 
design an airfoil contour to produce the desired pressure distrSbuticm. 
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Contractor^evelf^wd computational tools ware used in this subtask to design and analyze 
two-dimensional flap systems for predicting and improving tiie h^-lift tectmoloQr 
available for an energy-efflcient transport. 

The first endeavor of tlw design subtask was to establish the effectiveness of computa- 
tional techniques in predicting lift performance of a representative hig^-lift system. This 
was accomplished by analyzing a four-elem«it high-lift system for which hif^uality two- 
dimensional Boeing wiiKl tunnel data were available for comparismu 

This four-element h^ltHift system was adopted as the baseline configuration for the 
remaining dcoign subta^ because of the exceUmt wind tunnel data base mid because it 
was represmitative of conventionaUy defined hi|^-lift systems. However, the cruise 
section used in this baseline higlHift system is known to be infmior in cruise performance 
to modem sections presently in use the Cmitraetor and other investigators. This cruise 
section does not repr^mit the transonic technology level of the wings in the Require- 
mmits DefinitioT study. 

Subsequent analysis of the baseline high-lift system was pmformed at full-scale Reynolds 
numbm (17 x 106). This analy^ was to be u^ as the performance basis for the design 
tasks to follow. 

In the first design exmcise, the computational techniques validated in the previous 
subtask were used to design an alternative flap system for improved Clmax full-scale 
Reynolds numbm. The geometric constraints imposed on the baseline flap system were 
also applied to the new design. The objective of this design was to demonstrate the 
technology gains available, in terms of 01,^^, by designing to full-scale Reynolds 
numbm. 

In the second design task, the computatimial techniques were applied to the design of a 
simplified high-lift section at full-scale Reynolds number. The objective of this endeavor 
was to provide the simplest flap desi^ that would produce the same Clmax ^ base- 
line flap system (at full-scale Reynolds number) and improved lift-to-dn^ ratio. 

2.2 REQUIREMENTS DEFINITION STUDIES 

The at^roach takm in this subtask was to: (1) select a baseline configuration (referred to 
as model 768-785B); (2) select fixed-mission sizing criteria in terms of payload, range, 
cruise speed, initial cruise altitude, cruise lift coefficient, takeofi field length, ^ 
approach speed; and (3) perform selected airplane sizing studies. These studies were 
undertakoi to evaluate the effects of flap system area, flap type, mid flap technology on 
the baseline configuration. 

In addition to the flap size and technolc^ studies, other investigations were performed to 
determine the effects of wing aspect ratio and augmoited stability on airplane sizii^ and 
high-lift system requirements and to determine if the high-lift system might be employed 
to reduce fuel burned during climb and descent. 

ITie primary tool for evaluatimi of the effects of planform and flap technology was the 
Boeing Thumbprint program. This program is a general airplane sizii^ method that 
integrates aerodynamic, propulsi<m, and weight information to produce sizing charts. 
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which allow the choice of wing and thrust loading to be made while best fulfillii^ the 
established de^gn criteria. 

2.3 IMPACT STUDY 


This section presents the impact on the baseline BET sizing and ectmomics of: (1) the two 
high^ft systems defined in the design subtask, (2) modiDed climb and descent s<^edules, 
and (3) augmoited stability (as it influences landing and takeoff <mly). The same 
techniques were used in this study as in Uie re<piirements studies. 
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3.0 SYMBOLS AND ABBREVIATIONS 


AR 

Asp act ratio 

BLKF 

Block fuel 

CG 

Center of gravity 

"c 

Mean aerodynamic chord 

C/4 

Quarter chord 

Cd 

Section drag coefficioit 

CD 

Air^^e drag coefHcient 

cdmin 

Minimum airplane dn^ coefficient 

Cf/C 

Flap chord to wing chord ratio 

cflap 

Flap chord 

Cl 

Section lift coefficient 

Clmax 

Maximum section lift coefficiait 

Cl 

Airplane lift coefficient 

Clapp 

Approach lift coefficient 

clr 

Lift coefficient at rotation 

^Ltrim 

Trimmed lift coefficient 

CLV2 

Second segment climb lift coefficient 

CL’='/C 

Leading-edge flap chord to wing chord ratio 

Cm 

Section pitching moment coefficient 

Cp 

Pressure coefficient 

•-'I'ef 

Reference chord 

Cwing 

Wing chord 

DOC 

Direct operating cost 

EOALl 

Engine out altitude 
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FAR 

G 

H 

ICAC 

MAC 

OEW 

P/L 

R 

SAR 

s/c 

SL 

SLST 

t/c 

TOFL 

TOGW 

T/W 

U/Uco 

VCK 

Vs 

WDP 

W/S 

vapp 

X/C, Y/C 

e/C 

6‘/c 


Federal Air Regulations 
Gap 

Boundary layer form paffametw (6V9) 
biitial cruise altitude <»pability 
Mean aerodynamic chord 
Operating empty wei^t 
Payload 

Reynolds number based «i momentum thiciotess (pV$/u) 

Still air range 

Surface arc loigth normalized by section chwd 
Sea level 

Sea level static thrust 
Normalized thickness 
Takeoff Held length 
Takeoff gross weight 
Thrust loedii^ Le., thrust/wei^t 

Ratio of local velocity (at edge of boundary layer) to freestream velocity 
Variable camber Krueger 
StaR speed 
Wii^ design plane 

Wing loading; i.e., weight/wing area 

Approach speed 

N(»rmalized airfoil coordirmtes 

Nwmalized boundary layer mommitum thickness 

Normalized boundary layer displacement thickness 

Surface shear stress 
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p 

Doisity of air 

A 

Wins sweep 

AFB 

Change in fuel bum 

AX 

Overlap 

«VMU 

Angle of attack at nunimum unstick speed 
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4.0 STUDY RESULTS 


4.1 DE^GN APPUCATION STUDIES 

The results of four investigations are presented in this section. They are: 

4.1.1 Analysis of the baseline high-lift system at wind tunnel Reynolds numbm* 

4.1.2 Analysis of the baseline high-lift system at flight Reynolds numb^ 

4.1.3 Design to increase Cim^ 

4.1.4 Deagn to sim{dify sy^em 

4.1.1 Analysis of Baseline Section Cimax Tunnel Reymdds Number 

A representative high-lift system was analyzed for lift curve slope and fw Qmaz* u^ng 
the computational techniques of reference 1« and the results were compared with wind 
tunnel data. This task was motivated by the fact that prediction of Cimax crucial to 
hi^lift system design, and the use of analytical computational tools to {wedict the 
ejects of large separatims rni the lift curve, through Cimaxt ^ multieleromit airfoil 
sections was, at the time, unprecedmited. 

The purpose of tte analysis was to provide a validatimi of the ar«alytical techniques with 
whidt to ge^e the accuracy of the remainii^ analyses and designs in this study. 

‘Die choice of a baseline hi^Mift system was based <m the existence of the Contractor^ 
extensive c 4 >^imental data base resulting from a two-dimensi«ial test of a representa- 
tive high-technology, hi0)-lift sectioi. This section was chosen as the basis for 
calibration and, as dismissed in later sections, as the baseline for advanced hii^lift 
d^gns. Ihe cruise characteristics of the section are not represmitative of current 
transonic airfoil tectmology and the airfoil was not used in the Requirements Definition 
studies of Section 4.2. Nevertheless, this ^foil includes the gmieral transonic 
characteristics that are important when its hi|^lift system is defined. A complete 
description of the baseline high-lift system is given in the figures of appendix a. 

Results 

Theoretical airfoil section diaracteristics are compared with test data in figure 8. 
Sectioial lift and piti^ing moment properties are well predicted even when separations 
exist on ^ elemoits of the high-lift system. Maximum lift coefficient is predicted 
within 2% of the test data, and the angle of attack for stall is predicted m»rrectly. 

The aft flap is partially separated at all angles of attack. Even at 4-deg angle of attack, 
lift loss predicted modelii^ the boundary layer without accounting fw separation 
(method of ref. 3) is only a third of the total lift diffmence between the potential flow 
analysis and the wind tunnel data. Modeling of the separaticm accounts tat the remainder 
of the difference, as shown in figures 8 and 9. 

The computed and experimental pressure distributions (figs. 9, 10, and 11) also indicate 
excellent agreement, and suggest that the Contractor's tectmique of modeling separations 
may be ai^lied with confidence to multielemait hi^-lift sections. These results were 
considered unique at the time they were generated and were predated in reference 1. 


’N’o page blank NOT FILMF.O 
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Procedure 

The basic computer programs employed in this analysis are the Contractor-developed 
Vise and A465 programs. They were used to compute the effects of the boundary layer 
and separated wakes on the pressure distributim of the baseline flap S 3 ^em. This was 
accomplished by computing the boundary layer characterMics and points of separation 
using the VISC program and then employing the A465 program to solve the wake outer 
boundary problem iteratively in order to provide the proper wake shape and size from 
which a new pressure distribution was computed. In tl^ way, the inviscid effect of 
separation was accounted for. The new pressure distribution was then used to recompute 
the boundary layer characteristics and separatiwi points. This cycle was repeated until a 
stable solutim for separatimi point and boundary layer thickness was iound. 

Using this process, the separatiems and boundary layers (m all airfoil segments of the 
multielement airfoil section were modeled, starting from the trailing element and 
proceeding forward until separated wakes and boundary layers were being treated 
simultaneously on all elements. The technique of working forward from the trailing 
element was adopted to improve convergence. The VISC and A465 programs, and the 
coupling procedure, are described in more detail in appendix B. 
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Figun ia Comptrison of Thoontical and Fxparimantal Pmsura on Basalina Airfoih 
Angfa of Attack * 16.6 dag 
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• Reynolds number* 2 x 10^ 

• Meeh««0.1S 



Figure 1 1. Caparison of Theoretical and Experirrmital Pressures on Baseline Airfoil’^ 
Angle of Attack * 21.7 deg 
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Typical output is shown in figures 12 throi^h 15 for an analysis of the baseline flap 
s^em at 21.7-deg angle of attack. In flgure 12, no wakes or boundary j lyers have been 
modeled; i.e., the pressure distributicm is that of potential flow alone, in Hgure 13, the 
aft flap separation and boundary layer are modeled; in figure 14, the main flap and aft 
flap separati<x)s and boundary layer are modeled; in figure 15, the wing, main flap, and aft 
flap; and finally, in figure 11, the separatiois and boundary layers on all segments are 
modeled (i.e., separation points converged and wake shapes determined simultaneously). 
The lift and pitchii^ moment shown earlior in figure 8 at 21.7-deg angle of attack result 
from integration of the final pressure distribution in figure 11. 



Figun 12. Potential Flow /^assure Distribution of Baseline Airfoil-- 
Angle of Attack • 21.7 deg (A46S Analysis) 
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Figure 13. Theoretical Pressure Distribution on Baseline Airfoil— Separation Modelad 
on Aft Flap Only— Angle of Attack 21.7 deg (A465 An^ysis) 

It should be noted that the boundary-layer technique employed in these analyses consider- 
ed the wall layer mly. Detailed boundary Ji^er measurerooits have show i that ior 
reasonably sized slots commonly found in a well-developed high-Uft airfoil, such as the 
baseline, the traflii^-edge flap boundary Uiyers are not cmifluent, and the slight 
confluence seen aft of the leading-edge flap does not severely afitect the cmlculation of 
separation points on the wir^. A highly confluent conflguration could be assembled, but 
for the nearly optimized conflguratims discussed in this document, confluence is not 
important for calculation of lift. 

4.1.2 Analysis of Baseline Section Cimax Reynolds Numbo* 

The primary objectives of his task were (1) to provide a perfw nance basis, at flight 
Reynolds number, with which to compare the results of the design efforts, and (2) to 
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Figure 14. Theoretical Pressure Distribution on Beseline Airfoil^Separetion Mod^ed 
on Aft and Main Flaps Onfy—An^e of Attack ^ 21.7 deg 

compare predicted maximum airfoil lift coefficient sensitivity to Reynolds number with 
test results of similar configurations. 

Results 

The calculated Uft curves at wind tunnel Reynolds number (2 x 106 ) and flight Reynolds 
number (17 x 106) are compared in figure 16. F(v the baseline airfoRt this analysis 
indicates a Cimax increase from the wind tunnel Reynolds number level of 4.22 to 4.6 at 
flight Reynolds number. Figure 17 shows that the calculated Reynolds number sensitivity 
compares well with experiments) data of similar configurations tested in a variable* 
density tunnel (the l^AE facility Ottawa, Canada, ref. 4). 
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Figure 1& Theoreticai Pmsure Dktribution on Btseiine AirfwtSepention MotMod 

on Main Airfoil, and tMn md Aft FMps-Angla of Attack • 2 f. 7 dag (A4S5 Analyst/ 


Procedure 

The analysis technique employed was identical to that used in the wind tunnel Reynolds 
number analysis dismissed in detail in section 4.1.1. Figures 18 through 20 show the wake 
shapes and resultant pressure distributions that were produced by the (light Reynolds 
number analysis at 18.6-, 21.7>, and 24>deg angles of attack, respectively. 

4.1.3 Design at Flight Reynolds Numbor for Best Cimax 

In this subtask, a four-element, high-lift airfoil secticm was designed to maximiee lift 
coefficient at Hi^t Reynolds number using advanced cominiterized techniques. 

Technology gains were explored in terms of Cimax avaflable by designiiv a high-lift 
system to full-scale Reynolds numbers, rather than to the Reynolds numbtf characteristic 
of atmospheric wind tunnels. To ensure that improvements were due only to the increas- 
ed design Reynolds number and mwe advanced design methodology, the geometric con- 
straints imposed on the baseline high-lift system were also applied to this design. As a 
result, the Cimax design configurations were required to have the same transonic shape, 
numbw of elements, flap chord lengths, and Fowlm* motion as the baselim. Furthermwe, 
the freedom to shape the various Dap elements was constrained in exactly the same way 
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Figun t6. Thaomicai Lift CurvK of Baseiine Airfoil at Wirni Tunnai and Flight Rayntdds Numbers 


as was the baseline flap system. These constraints will be discussed in more detail later 
in this sectim. 

Results 

Maximum lift coefficient, based upon analysis, was increased from the basedne level of 
4.6 to a maximum lift coefficeint level of 5.2 for the new design. This is a 13% increase. 
The computed lift curves, Uvough maximum lift, of the two h^^lift systems are 
compared in figure 21. Lift coefficient at 6-deg migi.. of attack was increased from the 
bawline level of 3.0 to a level of 3.35 for the new d^gn, an 11% increase. 

The geometries of the baseline system and the new flap system are illustrated figure 22 
to show differences in shape and deflection of the flaps. Pressure distributions and new 
shapes for the h^ Reynolds number designs are compared with the baseline pressure 
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Figure 1 7. Variation ot With fieymdds Number 


distributions in figures 23 tivough 26. These figures also compare flap geometries and 
indicate the regions on the flap surface that could be modified. It should be noted that 
design changes to the aft and main flap were constrained to reshaping of the forward 
sectims. 

An important goal of the effort was to develop a rational design method for multieleinait 
ata'foils using the advanced tools that have been described. This method is depicted by 
flow charts in figures 27 and 28 and is discussed in more detaO in the followiiq; 
paragraphs. 

Procedure 

The multielement airfofl design flow charts are described in thte section, usiiq^ the 
maximum lift dmign at flight Reynolds number as an example. The intent of this 
approach is to familiarixe the reader with the design processes used in the BET design 
work and to illustrate the decisicms made and the constraints involved in the redesign of 
the baseline high-lift system for Cimax flight conditims. 
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Fifun 18. Th 9 ontica( Arwwrv Dutribution on tho BasoUnt Airfoil at Flight Ftynoids 
fhtmbar^Angla ofAtmek • 186 dag 
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Figure 19. Theoreticel Prmsure Distribution on the Beseiine Airfbiiet Flight BeyMritt 
Mjmber^Angle of Attack « 21.7 deg 


The Hist task in the design process was to adequately define the new section in terms of 
design pointfs) and constraints. For the design at fli^t Reynolds number, this 

definition was as follows: 

a. Aerodynamic performance design points: Maximize airfoil lift coefficient at fli^t 
Reynolds numb^. 

b. Aerodynamic pv formance constraints: llie amount of separation <m the aft flap 
computed for the design should be the same as that computed for the baseline flaps 
at approach lift levels. No constraints were placm) on either the drag or pitching 
moment. 
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Fi^n 20, Thaoretical Prmun Distribution on tha Bauiina Airfbii at Flight Raynolds Numbar- 
Angia of Attack • 24 dag 

Flow conditions: Design Reynolds number - 17 s I 06 ; design Mach number » 0.17. 
These correspond to the flow conditions of an outboard sectim of the EFT study 
transport configuration at stall and at maximum landing weight. 

Geometric constraints: 

1. The leading*^ge flap and tralLing-edge flaps, when retracted, produce the 
same cruise airfoil contour as the baseline. 




Stpavatad Flow Thoofy Amlytit 

o RoynoMt numter * 17 x 106 
• Mach “ 0.17 


oi I I I I I 

5 10 IS 20 25 

Angle of attack, a. dagraas 

Figure 21. Theoretical Lift Curves of the Design and the Baseline Airfoil 
at Flight fieynolch Numbers 

2. The leading-edge device was the only flexible device. The trailing-edge flaps, 
both the main flap and the aft flap, were defined to be rigid with extension. 

3. 'Die leading-edge device could not have greater exteieiwi titan the baseline 
device. 

4. The nested chords of the trailing-edge flaps are identical to the baseline, «>nd 
the chord division between the main and the aft flap were identical to the 
baseline. 

5. The positions of the trailing edge of the wing cove and the main-flap cove 
were identical to the baseline, ifie implication of this constraint was that the 
amounts of the main and the aft flap that were buried inside the wing when 
retracted (and therefore avaQable for modification in the design process) were 
identical to those of the baseline configuration. 
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Figure 22. Comparison of High Lift System Gewnetry 

The second task in the design process was to choose the number and relative size of the 
airfoil elements in the hi^Hih sectim and to assemble a starting configuration. This 
could have requved a preliminary study of aerodynamic requiremmits using the A427 (ref. 
2) program, a Cmitractor-developed inverse boundary-layer (vogram that will allow the 
numbm' of elemmits required to be determined for a given lift level. This program is 
described in more detail later in this sectiem and in appendix C« In the case of the Cintax 
design, the baseline higlHift system was used as the starting geometry. 

The third ta^ in the design process was to analyze the starting airfoil section in enoi^ 
detail to determine what limits its design point performance. In the ease of the Clmax 
design, the starting configuration was the baseline h^h-lift section already analyzed at 
flight Reynolds numbar. This analysis showed that the baseline main flap was too lightly 
loaded and was not providing oiot^h trailing-edge pressure reduction <m the wing trailing 
edge, cauai^ early trailing-edge separation on the wing. Preliminary studies using the 
inverse boundary-layo* program (A427) (ref. 2) also resulted in the following conclusions: 

a. The aft flap could be mo.'e heavily front loaded, if designed far flight conditimis, 
without increased separatiem on its uppm* surface. ITiis would reduce the pressure 
at the main flap traRii^ edge and increase the amount of load the main flap could 
carry. 

b. ITie main fl^ could be mm« heavily loaded and more front loaded, if designed for 
flight conditions, resulting in much greater reduction in pressure at the wing trailing 
e(^. 

c. The leading-edge flap loadii^ c.uld be increased if the pressure distributi<m were 
redesigned fw full-scale Reynolds numbers. 
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Geometric constraint: No modifications allowed 

Figun 24. Comparison of Baseline and Redesigned Pressure Distributions and Geometry- 
Main Wing 


These conclusions led directly to the fourth task in the design process, reshaping the 
airfoil elements. Each airfoil element was designed in turn, starting with the aft flap and 
proceeding fwward to the leading-edge device, usii^ the process described in Hgure 28. 

The first task in the process of designing an airfoil element was to d^gn the pressure 
distribution using the inverse boundary-layer program (A427). This program was one of 
the primary computational tools used in the design work repeated here and is described in 
more detail ir. appendix C. 
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Geometric Constraint: Shape changed in buried regions only 


Figure 25. Comparison of Baseline and Redesigned Pressure Distributions and Geometry- 
Main Flap 
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Flow Chart 1 
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Task II 


Task III 


Task IV 


Task V 


Task VI 



Figure 27. MulMermnt Airfoil System Design Process 
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Flowchart 2 


TasklV^ 


Task IV J> 


Task IVx 


Task IV.d 



Fiffjre 28. Design ofen Airfoil Element 


In the the trailing-edge flap pressure d^ibutions were redesigned to 

produce as much trailing-edge suctim for the next element forward as was consistent 
with the following constraints: 

a. Thore would be no more separation on the redesigned flap than was indicated by 
anali^ of the baseline. 

b. Hie flap loads carried by the redesigned flaps would be equal to or greater than the 
baseline flaps. This was done to ensure that lift at a constant angle of attack would 
be improved or maintained. 
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c. 'Hie pressure distribution could not be modified where the geometry was fixed. 

This concept allowed the mabi flap, the wif%, and ultimately the leading-e(^ flap to be 
more highly loaded than they were on the baseline configuration, without separating, 
because their traUing-edge pressures (that is, the pressure to whi^ they mint reeo\mr) 
were lower. 

Applyii^ this philosophy to the baseline trailing^<edge flaps rraulted in the flap pressure 
dbtributions shown in figures 25 and 26. Of particular interest is the reduction in 
pressure near the leadtaig edge of the main flap whcare the rede^gned pressure distribution 
achieved a pressure eoefficioit of -6.0, compared with the baseline leading^-edge pressure 
coe^icient of -3.0. Further, the position of the minimum pressure on the main flap was 
located to have maximum influence on the wii^ trailing e<^. The pressure distribution 
modification on the main flap resulted in a wing traflingHsdge pressure reductiwi from the 
presstsre coeffici^t of -1.5 for the baseline to -2.0 for the r^esigned main flat (see fig. 
24). Ilie effect of this change was to allow the wing to operate at a higher lift level for a 
given amount of separation. 

Having redefined the pressure distribution on an element, the next step was to reshape 
the elemmit to produce the desired pressure dfetribution. It was accomplished using the 
design mode of the A46S program, bi thte mode, all at any part of the multielemmit, high- 
lift section can be reshaped to the specified pressure distrfi>ution. 

Because of the overconstrained nature of the design problem when only a portion of the 
flap sis'face was avaflable for modification, the pn^^ro could not always cmvorge to 
exactly the specified pressure distribution. This was particulurly true whmi edge 
constraints (e.g., slope matchii^ conditions between the fixed portion of the airfoil and 
the modifiable pwtion of the airfoil) existed. The result of the design, then, was a 
pressure distribution that was as close to the specified pressure distribution as possible 
considering the restraints. Because of this, the modified sectim was analyzed after the 
design run was completed to determine the degree of success of the reshaping. It was 
occasionally necessary to reflne the design pressure dtetribution for the element to more 
closely reflect the geometric constraints of the particular design problem. 

Once the reshaping process converged cm the desired pressure dtetributim, an ancdysis of 
the high-lift system with the modified element provided the traBing-edge pressure 
distribution for the next elem^t forward. The trailing-edge conditions then were used as 
. aerodynamic constraints in the design of the new pressure dtetribution on that elemmit. 
The pressure distribution design^eshapii^ procedure was repeated until all the elements 
had been reshaped. 

Once all the elements had been reshaped, the lift curve near Cimax was analyzed to 
identify areas on the new hi^^ft sy^em that might require some reflnement. This 
refinemc.it process is similar to the initial reshapii^ process. 

Durif^ the Cimax tlesign, very little reflnement was required in the d^gn of the trailing- 
edge flaps; t^^ically, two cycles through the reshaping process for each element were 
ufficient to obtain the desired performance. Because of the increased curvature of the 
flow field near the wir^ leading edge and the resultant greater nonlinearity of the design 
problem, the leading-edge flap design was more difficult and required some six iteratims 
of shape refinement and pressure distribution refinement to achieve what was felt to be 
its potential for Cim^x improvement. 
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4.1.4 Design at Flight Reynolds Numb«r for Simpunration 

In the design work described in section 1, the boieHts of rationally deigning a high> 
lift seeticm to full-scsale Reynolds numUrs were applied to improvii^ maximum Uft 
coefficient. Hie intent of the simplified flat design was (1) to use the same compu- 
tatimial techniques to design a high-lift system to the same maximum lift coeffleient as 
the tmseline sectiont while (2) af^lying the advantages of improved technology and higher 
design Reynolds numb«s to <Mgnir^ a simpler, more efficient (i.e., lower drag) flap 
arrangemmit. 

Results 

The product of the design effort was a three-element, hig^Hift airfofl section with the 
following geometric features: 

a. A sealed, variable-camber Krueger flap 

b. A angle-slotted trailing-edge flap with a simple hii^d tab 

This configuration is compared with the baseline four^lement, hig^-lift system in figure 
29. Ordinates describing an elements are contained in appendix D. 

The majw simplificatim produced by this design is replacemmit of the baseline double- 
slotted Fowler flap with a single-slotted Fowler flap having a simple hinged tab as shown 
in figui e 29. The sealed, variable-camb^ leading-edge fl^ was not a simplification, but 
rather the result of an eflort to satisfy two desi^ requirements for the new flap system: 
the same maximum lift coefficient as the baseline system at flight Reynolds number, and 




a/C 


Figure 29. Simp/ified end Btse/irw High-Lift System Geometries 
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improved takeoff lift-to^ag characteristios at takeoff flap deflections with the tab not 
deflected. 

Preliminary estimates based upon wind tunnel experience and a section <b‘ag polar analysis 
for the Denver takeoff cmflmiratim Qeading^dge flap extmtded, trailii%-edge flap 
retracted and no tab deflectioiO indicated a lift-*to^ag iroiwovemmit of 5.6% at Denver 
takeoff lift levels and 9.5% at sea'4evel takeoff lift levels. 

Careful design of the leading-edge and trafling-edge flap shapes (where allowed) r^ulted 
in the simplifled flap system having essmitially the same lift performance as the baseliim 
system. This is illustrated in figure 30. 

Procedures 

Tlw same design procedures and programs that were deseibed in detail in section 4.1.3 
were employeo in the design of the simfdified flap system.. Ttus section gcmeraUy 
deseibes the design execise and discusses the deepens that led to eucial geometric 
constraints that deflned the design problem. 

The simplified high-lift system design represented a more difflcult problem than the 
design for maximum lift coefficient for two reasons. First, there were tim following 
aerodynamic design criteria and constraints on both lift and drag: 

a. Maximum lift coefficient at fli^t Reynolds numbmr must be equal to 4.6 (i.e., the 
same as the baseline). 

b. Lift coefficiont at 8-deg anj^e of attack must be greater than or equal to 3.4 (i.e., 
no increase in approach attitude allowed). 

c. Takeoff drag should be reduced. 

Second, the primary design goal, simplification, was difficult to quantify in terms of the 
aerodynamic pm*formance criteria and tended to change in a discontinuous, quantum 
fashion. 

To determine how simplification should b^t be accomplished, a preliminary study was 
performed of several possible simplification techniques. In-house wind tunpel data and 
preliminary-design-type sizii^ criteria were employed to compare the different 
simplification permutations. The results display^ in table 1. 

The sealed Krueger leading-edge device and single-slotted tratlii^^-e^e flap with hinged 
tab (configuration 5 in table 1) were chosen because, cm a preliminary basis, they 
appeared to be the best compromise between simplicity and performance. 

This decision was based upon the requirement that the baseline Cimcuc level (4.6) must be 
achieved by the new design. If a lower level of Cim^x were required, a different S3^em 
would have been chosrni. For example, if the ^und rules had been to provide the 
simplrat system that would produce just oiough Cimax fe make a 64-m/s (125-Keas) 
a{^roach speed at the baseline design point wing loading, the Cimax required of tlm 
outboard section would have been 4.2, and configuration 3 (the single-slotted trailing-edge 
flap and three-position slat) would have been chosen. 
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Figun 30l Simpfifud Design and Bauline Uft Q/rves 


Having chosen the mode of simplincaticxiv the design problem reduced to reshaping the 
elements of this system, where allowed, to maximize design point pwformance- The 
following paragraphs describe the decisions and assumptions made in the design of the 
flap and sealed fCrueger. 

The starting flap system was the baseline variable-camber Krueger, sealed to the airfoil 
leading e<^, and a single-slotted trailing edge flap having the nested chord of the 
baseline flaps and the nose shape of the barline main flap. This flap was deflected until 
the potential flow lift coefficient at 8-deg angle of attack was the same as that of the 
baseline. 

Analysis of this conflguration showed that the required lift coefficient of 3.4 at 8-deg 
angle of attack could be achieved only at the expense of an unacceptable amount of 
separaticm on the flap surface. The tab arrangement shown in flgure 29 was employed to 
achieve the required lift levels at low angles of attack with a controlled amount of 
separation. 
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Tabl9 1. Comparison of ConfiguntiorK t Through S 


ContigurMion 

Tracing flip 

dtscnption 

^ Loedotg edge flap 

dosoripiion 

Advantages 

DisatKantagas 

1 

Ooubie-sloi 

2* position sUt 
(itiricied. extecHM 
for lanchng positions) 

Simpler loading edge flap 
than Onoline vartablo- 
combat Krueger (VCK) 

Retains double-slotted 
trailing edge flaps 

No takeoff LA) 
improvement 

2 

Doublesiot 

3-positton slit 
fretricsed. tilttoff. 
md landing positions) 

Substantial LTD improve' 
ment for high-altitude 
airport UkeoH fi.e.. 
Dmret, La Pa^, Mexico 
Citv 

Retains double-slontd 
traHing edge Hap 

Leading edge flap only 
marginalty simplar than 
VCK 

3 

Single-slot 

1 

3-position slat 

1 

Substantial L/D improve- 
ment 

Simpler trailing edge flap 

Baseline level of C| 

not achievable due^tttax 

to limitad detigp fiaadom 
m designing slat and wing 
surface 

4 

j Single-slot 

1 

1 ; 

i ' 

1 ! 

> Slotted vanabie-camberi 
1 Krueger 

1 

1 1 

Sufficient C. capabiiitv 

Snax 

Simpler trr«ling edge flaps 

No takeoff L/D improve- 
ment 

Exoesttve flap aeparation 
in landing configuration 

Retains complex VCK 

5 

SioQle-slot with 1 
tit> ' 

i 

1 

j 

! 1 

\ 

1 

Saalad vanaOle-camber 
Krueger 1 

; 1 

Sufficient C| capability 

\ Snax 

improved takeoff l/D at 
both sea level and high* 
altitude fields 

Simpler trailing edge flaps 

Tab may be used as a control 
surface both extended and 
retracted 

Retains complex VCK 


The pressure distribution on the modiHable portion of the flap system (i.e.» the forward 
surface covered by the airfoil when the flap was retracted) was designed to have as much 
suction near Uk trailing e(^ as was consistent with the requiremoit that the flap 
separation be limited to the tab. This was done to maximize the influence of the trailing- 
edge flaps stall. Figure 31 displays the resulting flap pressure distribution (with 
separati«) modeled) at 12-deg angle of attack. 

An analysis of the redesigned trailii^-edge flap (with separation modeled) and the starting 
leading-edge device indicated that the shape of the leading-edge flap was inappropriate 
for a sealed device and that it allowed the airfoil to stall below the required Cimax of 
4.6. A pressure distribution was designed for the Krueger that would maximize Cimax 
and the required shape was computed. An analysis of this contour showed that Cimax 
now somewhat h^ier than the design requirement. The chord of the new leading^edge 
device then was judiciously reduced and the shape redesigned in <»x)er to trade Cimax 
improved L/D and reduc^ weight. The final shape is shown in figure 29, and the 
corresponding pressure distributions at 12-, 18-, 20-, and 22-deg angles of attack are 
shown in figures 32 through 35, respectively. 
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Figure 32. 




Separated Flow Theory Analysis of the Simplified Design— Angle of Attack » 12 deg 
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Figure 33. Separated Flow Theory Analysis of the Sintplified-~Design Angle of Attack * 18 deg 
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Figure 34. Separated Flow TheotY Analysa of the Simplified Design— Angle of At^k • 20 deg 




Figure 35. Separated Flow Theory Analysis of the Simplified Design— Angle of Attack « 22 deg 
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4.2 REQUIREMENTS DEFINITION STUDIES 


Requirements definition involved trade studies of a baseline configuration. Key variables 
were wing planform, assumed flap technology, optimizati«i of climb and descent profiles 
with and without partial flap deflection, and augmented stability. 

4.2.1 Baseline Sizing and Study Ground Rules 

The EET high-lift study baseline airplane and its dianges due to selected technology 
concepts are contained in this sectimi. The twin-engined baseline configuratimt definition 
and performance are described in the following parogra(dis. AH of the trade studies used 
the same configuration concept (illustrated in fig. 6). with changes in wing, empennage, 
and engine size adjusted to matdi design constraints for difforent levels of high-Uft 
characteristics. 

The design selectim charts contained in this sectimi show results, limits, and 
requirements pertine.'it to the trade study. Some of the common performance, airplane 
size, and nonlimiting constraint lines are deleted for clarity. Figure 36 shows the baseline 
airplane sizing trends only, not absolute levels. This plot represents a matrix of design 
point airplane solutimis that satisfy the design payload, range, cruise Mach numbm>, and 
appropriate reserves for a fixed airplane configuration concept. Wing, oigine, and 
empennage size are sealed to meet the fixed payload range requirements. The depmidmit 
airplane performance and TOGW are shown as Unes of constant values. 

Two areas of interest for unconstrained designs are the minimum block fuel and minimum 
TOGW locations. Selection of an airplane design for minimum energy consumption 
conflicts with selecticxi of an airplane design for minimum airplane takeoff gross wei^t 
for the 196-passenger, 3704-km (2,000-nmi) missimi requirements assumed in the trade 
studies. The minimum TOGW at hi^ wing loadings represent small airplane size (small 
thrust and small wing areas). However, the minimum block fuel design area is found at 
low wing loadings (large wings) with 20% larger engines than the minimum TOGW point. 
Disregarding constraints imposed by takeoff, landii^, and altitude capability (engine out 
and all engines operating), the following relative airplane size effects are found in figure 
36: 


Relative 


Design Condi ciem 

Block Fuel 

TOGW 

Minimum block fuel 

1.000 

1.085 

TOFL 2285m (7,500 ft) 

1.005 

1.035 

Minimum TOGW 

1.070 

1.000 


The following data generally refer to relative airplane Mze within or along the limiting 
constraint boundaries. Airplanes that do not meet performance objections are not 
candidate design selectitxi points. The sizing ground rules for the baseline airplane are as 
follows: 

a. Payload = 196 passenger 

b. StUl air range - 3704 km (2,000 nmi) 

c. Long-range cruise design Mach - 0.80 
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d. Takeoff field length (sea level, 29oc) * 2290m (7,S00 fO 

0. Vapp (mission landing weight) = 64 m/s (125 Keas) 

f. Initial cruise altitude capability * 10 670m (35,000 ft) 

g. Engine-out altitude capability ~ 3660m (12,000 ft) 

h. Reserves « ATA domestic 

1. Reference wing area based upcm trapezoidal definition 

j. Constant wing geometry (aspect ratio, sweep angle, airfoil) 

The baseline airplane for the EET high-lift studies is defined as follows: 

a. Twin-engined model 768-785B 

b. Two CF6-50C type engines (scaled) 

c. 196 passengers, seven-abreast seating (15/85 mixed class)* 

d. 5.38m (212 in.) body width 

e. Design range ~ 3704 km (2,000 nmi) in still air 

f. Reference area - 232 m2 (2,500 ft2) 

g. Aspect ratio » 10.24 

h. Quarter-chord sweep angle = 0.52 rad (30 deg) . 

i. Taper ratio » 0.3158 

j. Outboard thickness-to-chord ratio » 0.103 

Model 768-785B is the reference-sized airplane for the EET hi^-lift studies. The engines 
are scaled CF6-50C*s, sized to meet the above constraints* ITiis is consistent with a 
current conventional technology level that is also reflected in the aerodynamic data. Tail 
sizing and control system definitions are conventional with no dependence on advanced 
stabO^ty augmentatim. Sized airplane characteristics and performance are summarized 
in table 2. 

The design selection chart, Thumbprint, is shown in figure 36, with the design point and 
limiting criteria identified. The design poLit is located on the 2290-m (7,500-ft) takeoff 
field Imgth line at a wing loading of 513 kg/m2 (105 lb/ft2), which is very near the 
minimum block fuel point. The block fuel and takeoff gross weight (TOGW) lines are used 
as trend data and not for absolute levels. The design point has a margin of 445m (1,460 
ft) over the requirement for an initial cruise altitude capability (ICAC) of 10 670m 
(35,000 ft). The 62-m/s (120-kn) landing approach speed is below the desirable maximum 
of 64 m/s (125 kn). 

Wing loading could be allowed to increase up to a value of 560 kg/m2 (114 lb/ft2) witnout 
exceeding a mission landing weight approach speed of 64 m/s (125 kn), but block fuel 
would then increase by about 2.5%. The design point is the best compromise between the 
minimum TOGW and block fuel points and has the minimum DOC for the 2290-m (7,500- 
ft) field l^gth (as shown in fig. 47). The baseline airplane, was found to be insensitive to 
landing Cimax improvements due to the low wing loading required to satisfy sea-level 
takeoff and enroute engine-out altitude requirements while minimizing block fuel, TOGW, 
and DOC. 

The baseline airplane performance was found to be most sensitive to improvements in 
takeoff lift-to-drag ratio (L/D), particularly at the low lift coefficient levels t 3 ^ical of 
takeoff out of high, hot airfields (e.g., Denver). 

The general arrangement of the 768-78SB is shown in figure 37. 
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Table 2. Sixed EBT Airplane Performance and Characteristics (Mode! ^8-7858 ! 


Mission Roquiromonts 

Still Mr nnge » 3704 km (2000 runi) 

Paylosd » 106 iMSsngm. 18 225 kg f40 180 lb) 

Initial cruise attitude > 10 668m (35 000 ft) 

Cruise Mach number « 0^ 

Takeoff field length < 2290m (7500 ft) 

Approach speed < 231.5 kmAt (125 kn) 

Reserve • 1967 ATA domestic 


Airplane size 

and geometry characteristics 

Wing area 235.51 m2 (2535.0 ft2) 

Wingspan 49.11m (161.12ft) 

MAC 5.73m (17.15 ft) 

Aspect ratio 10.24 

"weepc /4 0.5? rad (30 deg) 

Taper ratio 0.3158 

t/c.SOB/tip* 15%/10.3% 

Horizontal tail area 51.65 m2 (556.0 ft2) 
Vertical tail area 36.14 m2 (389.0 ft2) 
Body length 47.55m \ i56.0 ft) 

Body diameter 5.39in (1 7.67 ft) 

Engines 2 scaled CF6-50C 

Bypass ratio 4.4 

Sea level static 164.27 kN (36 930 lb) 

thrust (uninstalled) 


* Based on gross chord length 


Airplane performance 

Takeoff gros. <iveight 

120 719 kg (266 1401b) 

Operating empty weight 

76661 (169 450) 

Block fuel 

19051 (42000) 

Reserves 

6827(15«M0) 

Mission landing weight 

101 913(224 680) 

ThrustAivelght 
Wing loading 

2.726 N/kg (0.278 lb)lb) 
512.67 kg/m2 (105.0 Ib/ft^) 

Initial cruisa albtude 
ce«^lity 

11 Him (36 460 ft) 

Average cruise altitude 

11723m (38460 ft) 

Range factor 

22 909m(12 370nami 

Lift/drag 

18.2 

Specific fuel constant 

OXm kg/hr/N 
(0.674 lb/h^/?b) 


0i)1791 

F^R TOFL.SL.29®C(84®F) 

2290m (7500 ft) 

CM 

> 

o 

1.506 

Vapp(1.3\'j) 

222 km/h (120 kn) 

^>-APP 

1.81 


51 






Winjj lowMng, W'S. k«» (Itu'h^l 

Figure 3S, Desigr) Selection Chart for Reference Airplane, 768-78SB 
4.2.2 Planfwm Trade Studies 

The wing planform trade studies ii»luded variations in both wing aspect ratio and pe.:ent 
of wing chord occupied by high-lift devices. 

Wing Aspect Ratio Tirade Study 

A previous Ccmtractor study of aspect ratio effects was ^ne mder ground rules similar 
to those for the baseline reference airjdane of this stiaiy. Because that study had much 
greater technical depth than was passible under the current study level of effort, it was 
decided to utilize the results of the previous study, rather than to repeat it at a lower 
technological depth. The mission ground rules of the previous study were as follows: 

a. Payload = 201 mixed-class passengers 

b. Range » 3230 km (1,745 nmi) . 
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Figun 37. Airplane fMo<M 7^785f 

c. Wing loading = 572 Kg/m2 (117 lb/ft2) 

d. Design cruise speed = 0.78 Mach and 0.82 Mach 

c. Initial cruise altitude capability = 10 060m (33,000 ft) at design ^ed and initial 
cruise weight 

f. Takeoff field length < 2290m (7,500 ft), sea level, 29oc (84©F) 

g. Approach speed < 70 m/s (135 kn) at maximum landing weight 

h. Reserve fuel = ATA domestic 

This study provided aspect ratio trend information compatible with the rest of the high> 
lift studies. Aspect ratio trends are shown in figure 38. At eithm* cruise Mach numb«‘, 
the choice of aspect ratio has a significant influence <m fuel ecmomy and engine size 
required for the design mission. Within the range of wing geometries studied, both 
takeoff gross wei^t and operating wei0it increaw with aspect ratio, while block fuel and 
engine size decrease. 

A comparison of fuel savings with the correspondii^ operatii^ wei^t penalty, as aspect 
ratio increases, is illustrated in figure 39 for the Mach 0.78 planforms. Within the aspect 
ratio range from 8 to 11, approximately 3 lb of OEW (operating empty weight) are 
required to save 1 U> of fueL 
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• SAR • 3230 km (1745 nmi) 

• Piyloid ■ 201 mixed claci penengers 

• ICAC • 10 060 m (33 000 ft) 

• W/S • 572 kg^m2 (117 IbM^) 

• Conwentlontf aluminum structure 



7 8 9 10 11 12 

Aspect ratio 


Figure 38. Cruise Marh/Wing Pianform Trades 
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As either aspect ratio or sweep are increased, the additional span increases the root 
bending moments, and hence the wing box weight increases. Elastic problems also 
increase, requirii^ adoitional jig twist (t4> wash-in) to maintain the desired "1-g" cruise 
loading and causing a loss in wii^ stability due to nexibility. 

Flutter analyses show that additional torsimal stiffness is required to meet the 1.2 Vd 
( dive speed) criteria for aspect ratios of 9 mid above. Figure 40 shows the results of the 
wii^ flutter study. 

As shown in figure 41, direct opo'atii^ cost tends to increase with increasi^ a^[>ect ratio 
and increasing speed, especiidly if airplane price is varied as a function of airframe 
weight and engine size. These data were <»leulated using a Boeing-modified ATA cost 
equaticm. 

An aspect ratio of about 10 was chosen as a good compromise between fuel economy, 
engine size, airplane wei^t, and flutter risk. 
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VVin9 Study 



W109 aspect ratio 


Figure 40. Nomtalited Wirtg Vemis Aspect Ratio ( Conventional Ahminum Structure) 


Flap Chord Trade Study 

In the study of performance effects of varying leading- and trailing-edge flap sizes, flap 
size was varied by changing tiie percentage of flap chord on the wing, relative to the 
reference configuration. The range and combinations of flap sizes studied are shown in 
table 3. 

The effects of flap chord variations on low-speed envelope performance are shown in 
figures 42 and 43. The lift and (frag characteristic! for the flap chord study were derived 
from empirical corrections to wind tunnel models with similar geometry. Note that flap 


56 



• PrioB •/ (airfraim wnglit and englM ibid 



Figure 41. Economic Orngtarison Witii DOC at 18S2 Ian (1000mm) 


Table 3. Flap Chord Sizes 


Trailing edge 

^flap^^wing 

1 

Leading edge 
^flap^^wing 

T 

0.06 

0.11 

0 . 

0.17 


X 


0.22 


X 

EET baseline 
(768-785B) 


0.27 

X 

X 

X 
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Trimmed lift coeffident, C. 

*-TRIM 

Figure 42. Effect of Trailing Edge ritg> Chord 
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Trimmed lift coefficient C, 

••TRIM 

Figure 43. Effect of Leading Edge Flap Chord 
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chords were varied *>*5% from the refoance baseline size and that leading-«dge flap chord 
effects were studieB <xUy in combination with the largrat of the trailingr-edge flaps. The 
envelope performance is based i¥>on either minimum unstidc speed or 1.2 times stall 
speedy whichever was limiting. At low lift eoeflicienty "overspeed" (ue., a velocity highe* 
than 1.2 Vs) with the lowest Hap deflection an^e is used. The lift-to-drag ratio envelopes 
shown in figure 42 are nearly identical, indicating that takeoff pwformance is insensitive 
to +S% cha^ in trailing-edge flap chord. 

The relative performance of each flap size is illustrated <m the design selection chart (fig. 
44). Wing loadings at which the desired approach speed can be attained are shown for 
each flap size. Approach lift coefficient te improved by increasing trailing-edge flap 
chord, but approach speed objective are met with even the smallest trailii^-edge flaps 
studied. When the trailii^-edge fli^ was changed, only small changes in wing loadhigs and 
thrust-to-weight ratios were required to meet the 2290-m (T,500-ft) takeoff field Imigth 
constraint. A change in traflii^nedge flap chwd of j;5% results in essentially no change in 
sea-level takeoff performance. Takeoff performance is affected by leading-edge flap 
chord changes. The 16% leading-edge flap chord has worse takeoff perfcn^mance than the 
baseline 11% flap chord at low values of Clv2* 

The 11% and 6% leadii^-edge flap chords have about the same off-design perf<vmance 
(i.e., high-altitude, hot-day takeoffs). The 11% leading-edge flap chord is required to 
meet the approach speed criterion of 64 m/s (125 Keas) when used with ttm 17% trailing- 
edge flap chord (see fig. 44). 

With minimum block fuel as a primary requiremmit, the simplification offm^d slightly 
smaller trailii^-edge flaps appears to be a desirable choice. The wing loading smisi- 
tivities for airplanes sized to fixed P/L, SAR, and TOFL, shown in figure 45, illustrate the 
merit of reducing trailing-edge flap chord from 22% (baseUne) to 17%. Both TOGW and 
block fuel are reduced by small amounts, less than 1/2%. The minimum in block fuel at a 
wing loading of 500 kg/m2 (102.5 lb/ft7) on the 2290-m (7,500-ft) TOFL design constraint 
line is, in general, the result of two o^^osii^ airplane cruise factoR. These two factors 
are maximum lift-to-drag ratio (L/D), whid) increases fw decreasing wing loading (larger 
wings), and OEW, whi<^ decreases with increasii^ wi.^ loading (smaller wings). An 
additional effect on the L/D factor is the change in initial cruise performance match 
when engines are sized for TOFL length and not for cruise range factor. Figure 45 fac a 
fixed field length shows that as wing loading is decreased, engine size is reduced, which 
lowers initial cruise altitude. Hits results in a lower cruise L/D, while wing area and OEW 
become larger. Increasing wing loading reduces maximum L/D, which offsets the airplane 
vei^t benefit and results in higher fuel usage. Hie change in trailing-edge flap chord 
results -n a shift in level with nearly the same characteristic, since the low-speed polar 
envelope is similar and the change in weight is small. The smaller trailing-edge flap 
chord reduces TOGW and block fuel less than 1/2%. 

4.2.3 Hiq> Technology Trade Studies 

Three levels of advanced flap technology have been studied fw application to the 
reference :win-engined air^dane. Performance studies were conducted fw the baseline 
mission ground rules sea level, 2290-m (7,500-ft) TOFL, etc., and for hi|^i-altitude, hot- 
day performance [2870 km (1,550 nmi), 3660-m (12,000-ft) TOFL, 1625-m (5,332-ft) 
altitude, 330C (920F)]. Ttie engine-out miroute climb altitude capability, 3660m (12,000 
ft), at design payload and range is an additional design consideration. 
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* SAR « 3704 km (2000 nmi) • Reierves ■ ATA domestic 

* Payload « 196 passengers 140 180 lb) * VAR * 30 deg/10.24 

* Duise Mach - 0.80 * Engines » 2 scaled CPS*S0C 


iCf/C LE/Cp/C TE) « (0.XX/0.XX) 


% 0.30 


Leading Edge T rades 
V . pp • 6a mA 

f125KEASI 




0060/0 27 
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0 16«).27 
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St. 29**C »»“fi 
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Note: These design selection charts show only low-speed drag polar effects 
(i.e.. no flap weight changes) 


Figure 44. Bffects of Varying Fle^ Chord on Low^Speed Sizing Constraints (Modal 768‘ 7SSB) 




BLKF, UPkgdO^lb) OEW, lO^ kg (lO^ lb> TOGW, lO^ kfl OtP tb> 



Wing loading, W/S, kgAn^ Wing loading. W/S. kgAn^ (Ib^l 

Figure 45. Trailing Edge Flap Chord Trade (0.22c Versus 0. 17c) 


The flap configuration deHnitions are as follows: 

Baseline Leading-edge device is a two-positioi, variable-cambo’ Krue^. 
Traili'ig-edge flaps are double-slotted. 

System A Leading-edge device is a three-position, variable-camber Krueger 
(sealed takeoff, slotted e^proach). Trailing-edge flaps are the same 
as the baseline. 

System B Leading-edge device is a tlvee-position, variable-camber Krueger 
redesigned for maximum Cimax flight Reynolds number. TVailing- 
edge device is « double-slotted device redesigned for the same goal 
as the leading-edge device. 

System C Leading-edge device is a two-positi(m, voriable-camber Krueger 
designed for maximum L/D at fli^t Reynolds number (constrained to 
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have the same Ciniax approach as the baseline). Trailing-^dge 
flap is a sii^fle-slotted device with trailing-edge tab, designed fw 
maximum L/D at flight Reynolds number. 

Because the design applications subtask was begpin at the same time as the requirements 
definition subtask, no detailed analyses of flap systems A, B, and C were available when 
requirem^ts deHnitim was begun; consequently, it was necessary to make preliminary 
estimates of the aerodynamic performance of these alternative systems for the work to 
proceed. 

The ^timated aerodynamic perfwmance characteristics of each flap system are summar- 
ized in Hgure 46. ‘Die impact of sizing to meet takeoff requirements at a hig^i-altitude 
airpwt (m a hot day is important; Mexico City and Denver are two examples, end the 
latter was chosen for this study. The ranges of design lift coefficioits required at Denver 
and sea level are illustrated, al<mg with the relative lif t-to-drag ratios of the flap s.ystems 
toF both design conditi<ms. 

The design selectioi chart (fig. 47) illustrates the configuratim and p^formance effects 
of t''? alternative flap systems. Itie minimum-TOGW airplane is at a wing loading of 757 
kg/m2 (155 lb/ft2), with minimum direct opiating cost shown at a wing loadii^ of 680 
l^/m2 (140 lb/ft2); both are well beyond the takeoff and landing speed constraint lines. 
Minimum block fuel occurs at a wing loading of 440 kg/m2 (90 Ib/ft^), which is within the 
perf(s*mance constraint boundaries of takeoff field length, ai^roach speed, and initial 
cruise altitude, and has good growth potential and buffet margins. However, design 
selections must also consider direct operatii^ cost within TOFL constraints (either 
Denver or sea level). 

ITie data shown in table 4 compare airplanes selected fw minimum DOC, constrained by 
the sea-level and Denver TOFL performance requirements. N<me of the airidanes are 
limited by approach speed (i.e., ClaPP)* Although not shown in the table, airplanes sized 
by sea-level TOFL using flaps A, B, or C have a similar DOC im{Mrovem^t, relative to the 
base system. However, these airplanes do not have ade^'J'tte enroute engine-out altitude 
capability and therefore cannot stmw a DOC advantage with the improved flap systems. 

Because a higher approach lift coefficient capability is not required, flap system C with 
design for maximum L/D and the simpler, singlq-slotted trailing-edge flap was preferred. 
Further improvements in L/D at low lift coefficients should be investigated to improve 
Denver performance. 

4.2.4 Climb and Descent Studies 

The basic ground rules for climb and descent optimizati<m studies were as follows: 

a. 196 passengers 

b. 3704 km (2,000 mi) stQl air range 

c. Cruise Mach = 0.80 

d. Ccmstant altitude cruise at 10 670m (35,000 ft) 

e. OEW = 76 860 kg (169,450 lb) 
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Figure 46. 'Simplified' Flap Envelope 


Common climb and descent speed schedules were varied to seek possible reduetim of 
missioi fuel. The resulting effects on block fuel and block time relative to the base 
schedule (250 kcas/300 kcas/0.75 Mach number) are shown in figure 48. Changing to a 
speed schedule of 144 m/s (280 kcas) and 0.7 Mach number for the standard mission would 
save about 104 kg (230 lb) (0.5%) of fuel at an expense of about 2.5 min (0.9%) in block 
time. However, previous studies of climb and descent speeds for similar aircraft indicate 
that DOC would increase slightly at this lower climb speed. A slightly faster dimb and 
descent speed schedule of 154 m/s (300 kcas), 0.8 Mach number produces minimum DOC 
at a small increase in block fuel. 

The data shown in figure 49 indicate no aovantage to climbing at a lower speed with 
partial trailing-edge flaps deployed. The clean wing and the partial trailing*<edge flap 
polars cross at a lift coefficient that represents a speed too slow tor best cUrob efficiency 
and very near stall. 
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Wing lotiling, WiS, kgMi^ 

Figure 47. EcT Baseline Design Selection Chart 


Overall climb and descent fuel efficiency can be improved slis^tly with moderate changes 
in climb speed lift-to-drag ratios. However, since excess thrust is the driving force fw 
climb capability, reductions in drag during dimb yield a smaller reduction in thrust 
required (and therefore fuel flow) for the same rate of dimb. Also, maintaining 
maximum climb power results in a lower rate of dimb improvement than the percent 
change in climb used during the early stages of ascent (i.e., under 6100m (20,000 ft) and 
25% of the distance required to dimb to cruise altitude). The lower overall energy 
efficiency of the turbofan engine at low speeds, combined with the high excess power 
required to climb and accelerate from the low energy state at sea level to cruise 
conditiois, allows only very small improvements in dimb fuel (approximately 1%) for 
substantial increases in climb lift-to-drag ratios (approximately 5 to 1C%). 

Based upon these data, the baseline airplane climb speed schedule of 154 m/s (300 kcas), 
0.75 Mach number, »nd the baseline flap procedures were retained. 
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Figure 48. Common Climb and Descent Speed Schedule 
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4.2.5 Augmented StabOity Studies 

The EET reference baseline airplane (768-785B) was analyzed with low-speed aerodynamic 
characteristics based up<m a center-of-gravity positim of 8% mean aerodynamic clKK'd 
(MAC) at takeoff without stability augmentaticm systems (SAS). Low-speed performance 
effects resulting from more aft center-of-gravity locations are shown in figure 50. Uft- 
to-drag ratio envelopes were developed with center-of-gravity positions at 28% MAC and 
48% MAC to search fm* the limits of aft center-of-gravity bmiefits to low-speed 
perfm'mance. 


Subseqimnt to this tudy, estimated extensions of aft center-of-gravity limits and criteria 
were provided for handling qualities (HQ) and hard (H) SAS. The aft center-of-gravity 
movemer .s permitted by HQSAS and HSAS are quite small (2 and 4 to 8%, respectively) 
compared with the center-of-gravity movements studied. Configuration and we^t 
effects associated with aft center-of-gravity positioiw at bi;^ gross weights were not 
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Trimmed iift to drag ratio 



Figure 50. Effect of Trim C.G. Location 
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included in this study. Performanee results are showi ia form of relative takeoff and 
landing pwformanee on the refm«nce baseline dedgn selection <diart (fig. 51). Bmiefits 
of the further aft center-of-gravity limits were shown to be bettm* takeoff field Imigth 
and Imiding ai^roach speeds, but the effects on fuel effieimicy w^ quite sroa3. No 
bmiefit for aft cmitmr of ^vity was included in this study. Reduced trim Aag and 
associated configuration chanj;es would show larger fuel savings than those shown hmre, 
whidi reflect only low-speed p^formance effects. 

11)6 Study of aft center-of-^vity positions was d(me to me^ure the low-speed porfor- 
mance bmiefits of reduced trim <frag due to reduced hwizontal tail downloads. Continued 
improvement in maximum lift coefficient was evident as the center-of-gravity moved 
rearward, but the improvemmit in the takeoff lift-to-drag mivelope was not s^ificant 
for center-of-gravity locations aft of 28% MAC. As oentmr-of-gravity shifted rearward, 
the horizontal-tail load required to trim (dianged direction from downward to upward; 
further rearward movemmit produced increasing lift on the horizontal tail, *7hi<d) 
contributed more induced drag. As the center-of-gravity moves aft, the desired landing 
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Figure 61. Bffects of Aft CG Position on Low-Speed Sizing Constraints 












abroach speed, 64 m/s (12S keas) can be attained with higher wii% loadings. Howev^, 
this trend <»nnot be used in selecting a point <tesign without imn'easing block fueL Figure 
51 shows that the baseline airplane is sized the TOFL requiremmt at a point between 
minimun: TOGW and minimum block fiml and is not sized the approach speed limit. In 
fact, ^zing for minimum block fuel only (disregarding DOC) would have ^minated the 
2290-m (7,S00>ft) TOFL ccmstraint as well. The results shown in Hgure 50 indicate that 
there is little bmiefit to takeoff pwformance firom moving the takeoff cento^f-gravity 
at 28% MAC (uCm no furthw improvement in L/D). tf a point design selection were made 
with ta joff c«iterK>f-gravity at 28% MAC, the (diaracteristics and performance 
changes, relative to the baseline, would be: 

-0.4% in takeoff gross wei^t 

-0.6% in opiating empty weight 

■H).l% in block fuel 

-0.3% in direct opiating cost 

The effect of reduced horizontal-tail size m not included. When maintaining the same 
airplane loading flexibility (center-of-gravity travel), <mly a 2% shift aft in forward cmiter- 
of-gravity limit and a 3% smalls horizontal-tail w^ identified with the use of HQSAS. 
Using HSAS, a 4 to 8% shift aft was suggested as "reasonatde,** with a 6 to 12% smaller 
horizontal-tail size. However, this would haiw to be v^ified by a dynamic mialysis cm 
this particular configuration. The rechiced hwizontal-taO area, while slighlty benefiting 
takeoff gross wei^t, operatii^ empty weight, and block fuel, would have a neg^^ible 
effect on the takeoff and landing field lengths and speeds, llie low-speed lift-to-drag 
ratio benefits of either HQSAS or HSAS would be smaller than the values shown above for 
a 28% MAC center-of-gravity position, but fuel and weight savings should oe positive. 

These results are mission and cmfiguration sensitive, and some oth^ m^on-air{dane 
combination might show more bmiefits for aft cmiter-of-gravity SAS. the airplane 
were sized for high-altitude airports (ue., Denv%^, Colorado, where tekeoff L/D is 
critical), it might profit more in terms of improved payload or range. Bmiefits m^t be 
more significant for this baseline if the takeoff design lift coefficient also were much 
higher (i.e., as for a trijet version) and if minimum takeoff gross weight were a more 
critical design selection factor. 

Stability augmentation systems tnat would p^mit the center-of-gravity to be moved aft 
by 2% MAC (HQSAS) or 4 to 8% MAC (HSAS) would not cause a large im{»t>vemmtt in fuel 
usage or gross weight for a medium-range twin-engined transport that is already sized 
essentially for minimum block fimL Reductions in horizontal-tail size of 3 to 12% will 
reduce drag and OEW a small amount (this effect is not iimluded in the analyses described 
above). This analysis addressed only the low-speed matching characteristics with SAS. 

4.3 EVALDAtlON OF IMPACT OF BEST HIGH-LIFT SYSTEM ON EET AIRCRAFT 

This sdbtask evaluated the improvements to the baseline EET configuration obtained by 
resizing tim high-lift sections designed in the design e^lications studies to obtain the 
best higlHift system. 

The sizing studies, described in sections 4.2.1 and 4.2.3, showed that the baseline EET 
configuration was sized sea-level takeoff field length rather than the 64-m/s (125- 
’• is) approach speed requirement and consequently was insensitive to improvemmits in 
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approach Cimax* Because of ttus, the simpUfied design was ^Kisot for the impact study. 
However, even thou(^ tlm ^m^fled design ^vides signiHcanUy better aerodynamic 
performance at sea level in terms of lift-to^ag ratio at takeoff teee fig. 52), only part 
of the potential DOC benefits from reusing may actually be reused became of the 
interposition of the oiroute oigine-out altitude re<piirement (as ^wn in the design 
selection chart, fig. S3). The fottowing table compares the potential and realisatde DOC 
benefits for rmizing at sea level using the im[»oved higlHift system: 



Fuel burned. % 

DOC,% 

Resizing not limited 
engine-out altitude 

+3/4 

-3/4 

Remzing limited m^ine-out 
altitude = 3660 m (12,000 ft) 

+1/4 

-1/4 


To show h4^ boiefits of advanced design more cdearly, an additional study was pwformed 
in which the integrated effect of advanced high-lift tecdmology features ate presmited in 



Tnmmtd lift co«fficiem. C | 

Figure 52. ’Amplified’ Flap Envelope 
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53. Impact "Simplified" Design on BBT Sizing 


terms of increased payload capability when the airplane is limited simultaneously by 
secmid-segmmit <dimb gradient and takeoff field length, commcaily found at hot, high- 
altitude airports (payload is often restricted fat these operaticms). This section shows the 
potential p^formance beneHts for the hif^i-lift technology improvements when applied to 
a twin-engined, domestic, 196-passenger airplane (see Hg. 54). 

Flap Size 

Leadit^ and trailing-edge flap chord sizing trades may be used to improve takeoff 
performance approach speed capability. On the baseline airplane, a s'.iorter, limiter 
trailii^^dge flap chord could be used, since approach speed was not critical. This 
resulted in an increased payload of two passengers fa* a fixed airplane size and takeoff 
gross we^t (fig. 54). 

Flap Technology 

The takeoff lift-to-drag improvements demoistrated by the simplified high-lift system 
over the base flap system (shown in fig. 49) offer the largest gains in payload life 
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Figure 54. EFT Hif^ Lift Technoiogy Takeoff Perfttrmance Benefits 

capability. The 5% increase in lift-to-drag ratio at V2 at hot, high fields like D^ver on a 
330 c (920F) day, allows 26 additional passengers to be carried at a fixed range (fig. 54). 

Cli.nb and Descant Speed Sdiedule 

Slower climb and descent speed schedules (shown in fig. 45) tend to increase direct 
operating cost toe a fixed payload. However, whoi fiml is traded lot additional payload, 
the increased revenue may offset the increased trip cost associated with the longer block 
time. The potential improvement for payload-limited missicms is small, approximately 
one passoiger (fig. 54). 

Augmented Stability Study 

The effects of further aft center-of-gravity positiois possible with different stability 
augmentation systems have been identified in terms of low-speed lift and drag changes. 
The low-speed aerodynamic imi»t>vements, achievable with a 2 to 6% further ^t coiter- 
of-gravity position, produce a 2- to 12-passenger increase at a fixed missioi range, llie 
total improvements require the complex integration of structure, weights, flight 
controls, and high- and low-speed aerodynamic diaracteristics. Tlie total magnitude of 
the boiefit was not shown in this p<vtion of the study. 

As shown in figure 54, flap tectmology im{Mrovemoits (i.e., improved L/DV2 at low takeoff 
Cl) offer the biggest potential for ai^lane productivity improvements. In general, 
airplane benefits from advanced hi^-Uft technology we mission and configuration 
sensitive. However, these study results and trends are applicable tmly to the baseline 
study, a 200-passenger, domestic, twin-oigined airplane. 
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5.0 CONCLUSIONS AND RECOMMENDATIONS 


5.1 CXINCLUSIONS 

One of the most important products of the hic^iift study was the ralidation of imw 
analytical techniques for the prediction of multielemmit airfofl lift curves* including 
maximum lift coefficient. 

• Maximum airfoil section lift coefficioit was predicted within 2% of wind tunnel 
measuremmits for a four-elemmit* hi^lift section that* near maximum lift, showed 
separation ori all four elements. At lower lift levels, the lift loss due to a partially 
separating aft flap element was predicted very accurately. 

e Maximum lift coefncieit of the »une hi^h-lift section was ^edicted at flight 
Reynolds number and, whei comUned with the fwevioim analysis, 'Jiese two results 
show a maximum lift coefficient sensitivity to Rejhnolds numbw that was very 
similar to wind tunnel test data far similar ccnfiguratiois. 

These analyses represented a breakthroui^ in analytic capability. While the ai^ysis 
pro^ems were developed with Coitractw IR&D funds, the validatioi performed in this 
contract was invaluaUe in increaang confidence in these methods and will accelerate 
their application to both in-house problenis and future contract work. 

Two high-lift sections were designed to e^lo^ the boiefits of designing to fli^t 
Reynolds number using advanced methodology. 

• A four -element high-iift airfoil was designed that, at flight cemditions, produced a 
predicted 13% improvement in Clmax an 11% increase in lift at angle of 
attack, relative to the baseline hi0i-lift system at the same flow conditions. 

e A amplified high-lift airfoil with a carefully designed single-slotted flap and slotless 
leading-edge flap was designed that produced the same Clmax ^1 ^ given 

angle of attack as the baseline. In additiem to being simpler, this airfoil produced 
5.6% improvement in L/D at Denver takeoff lift levels, due primarily to the slotless 
leading-edge flap. 

An impewtant byproduct of these design tasks was the validatioi of a rational design 
method fo the synthesis of multielement high-lift airfoils. Using analytic techniques, 
this methodology allows optimization of pressure distributions and airfoil shapes within 
the aerodynamic and structural constraints and greatly reduces the trial-and-error design 
process. 

While these results were encouraging, the Clmax improvements obtained from the first 
design would not impact the sizing of the stu^ ££T configuration because of the low 
wing loadings required to minimize fiml burned for the d^gn missioi. In fact, the 
baseline high-lift system has excess CIuiq^ relative to the 125-keas a{^roach speed 
requirement used in the sizing studies. Tne sizing studies show that the study 
configuration is much more sensitive to takeoff L/D (especially at hot high-altitude 
airports) than to approach CL, so that, of the two designs, the simpler, lower drag section 
design would be best applied to the EET configuration. Ihe simplified-design high-lift 
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system considered L/D as a secondary optimizati<xi parameter. There is additional 
potential f<v L/D improvement if L/D were the primary optimization parameter. 

5.2 RBCOMMENDAT10NS 


Since neither design specifically addressed the baseline ££T configuraticxi high-lift 
requirements as determined by the parallel requiremmits trade studies* it is recommended 
that follow-<m contract design work and testing be done in the following sequence: 

e Design a higtHift secti<m for maximum L/D at takeoff lift levels within project- 
type constramts 

e Refine the Cimax design to be consistent with the above constraints 

• Test both designs in NASA's low-turbuloice pressure tunnel at both full-scale and 
atmospheric wind tunnel Reynolds numbers (17 x 106 and 2 x 106) 
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APPENDIX A: 

DESCRIPTION OF THE BASELINE HIGH-UFT SYSTEM GEOMETRY 


'Hie figures in this appendix describe the baseline h^;h-lift sectirai in detail. 
Figure Title 

A1 Locatim of the Baseline Airfoil (»i the Wing Planfwm 

A2 Leading- and Ttailing-Edge Flaps 

A3 Definition of Baseline Main Airfoil Element 

A4 Definitimi of Main and Aft Flap Elements 

AS Definition of Baseline Leading-£<^ Flap 


.XECEDlNa EAGS BCANK NOrp FILMED 
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Figure A 1. Location of the Baseline Airfoil on the Wind Tunnel Model Wing Plan form 
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Figure A2. Leading *,nd Trailing Edge Flaps 
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Figure A4. Definition of Mein end Aft Fi^ Etements 
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APPENDIX B: 

CALCULATION OF UFT AND PITCHING MOMENT WHEN 
SEPARATION IS PRESENT 


A46S Program Deseription» Anals^ Mote 

The A465 computer program is an advanced panel method capable of solvii^ general 
boundary valu^ problems in incompressible, inviscid, two-dimoisional flow. b-< its analysis 
mode, this program is used to solve the following inviscid problems: 

a. ^mple potential flow about artntru^ airfoil systems 

b. The separated wake displacement surface boundary value problem on arbitrary 
airfoil systems. (The boundary cmiditions and theory are discussed in detail in 
refo^nce Bl.) 


The {Mirpose of the solution s to find the shape of the separated wake displacemmit 
surface that conforms to the outer velocity bt^dary cmditions that must exist on a 
separated wake, botii in the presence of the airfoil and trailing the airfoil system. Having 
a separated wake dsplacemeiit surface of the proper shape and in the prop^ position 
relative to other elements, the inveciti effect of the wake displacement on the airfoil 
pressure distributiais may be determined by simply computing potential flow abmit airfoil 
surfaces plus their separated wake displacement surfLces. 

Vise Program Description 

Ihe Vise program is capable of computii^ the preppies of laminar and turbulmit 
boundary layers, tlv position and effect of transitim, and laminar and turbulent 
separations. Theoreucid components of this program are summarized as follows: 


eomponent 

Laminar boundary layer 
Laniinar separation 
Lamir.'.r bubL,<: 

Trans t<m 

Turbulent boundary layer 


Turbulent separation 


Theory 

Poulhausen 

Poulhausen>Hoiderson 
Henderson (empirical) 

Granville 

Momentum integral, power law velocity 
profile. Garner *s equation for form 
parameter, Uidwig-Tillman equation for 
shear-stress at wall (ref. Bl) 

H>3.0 


The Vise program provides the vseous half of the computations and is designed to couple 
with the A465 program to provide boundary lay^ displacemmit thickness and separation 
points for the inviscid solution. 
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VISC-A465 Coupling Tedmique 

'Hie method for coupling these two programs in an iterative loop to produce weU-4>diaved 
COTvergence to a solutimi was a matter of some concern in the early phases of the 
analysis of the baseline high<lift airfoE. 

The simplest method would be to compute the pressure distrbution based upon the section 
geometry alone (e.g.y no wake» no boundary laymrs modeled), compute the boundary layer 
thickness and separation points from this pressure distribution, and model the separations 
as discussed previously to determine lift and pitching moment. The problem is that the 
pressure distribution used to compute the separation points (analysis of the bare 
geometry) is signiHcantly diff^ent from the final pressure distribution (which has 
separations and boundary layers modeled). A boundary layer analysis of the final pressure 
distributioi will not produce the same boundary layer thickness as the initial pressure 
distribution, and more importantly, may not produce the seme separation point. 

Obviously, some technique is needed for repeating the boundary layer ana^^ and 
separatioi modeling sequence that will settle on a stable point. The technique used for 
sii^le-element airfoil sectirn is: 


a. Compute, using A465, the potential flow pressure distribution of the airfoE 
geometry at the angle of attack of interest. 

b. Compute, using VISC, the displacement thickness and separation point based tg>on 
the pressure distribution from step a. 

c. Displace the airfofl surface by the displacement thickness up to the separation 
point, and add the starting wake shape aft of the separation point (dcxie 
automaticaEy in vise). 

d. Employ A465 to define the separat d wake shape and to compute a new pressure 
distribution. 

e. Compute the displacement thickness and separation point based upon the revised 
pressure distribution from step d. 

f. Cycle steps e to e untE the separation point has converged. 

Because of the stn^ng leading'-edge, traEing-edge coig>ling between the elements, a 
modified technique must be appEed when analyzing multielement airfoE systems. The 
basic problem is that the leading^edge pressure of a trailing element controls, to a large 
extent, the traEing-edge pressure of the next element forward. The boundary layer of the 
iorward element is very sensitive to the pressure gradient near its trailing edge, so that 
an error in the traEing-edge pressure causeo by an oror in the trailing element leading- 
edge pressure will cause inaccurate prediction of separation on the forward element. If 
handled iimorrectly, errors in separation point position wEl increase for each succeeding 
forward element and wEl cause divergence in the overaE solution. For this reason, the 
single-element technique is a{^Ued to the traEii^-edge element first; having relaxed the 
separaticxi point on it, the b<xindary layer and separation are modeled cm the next 
element, and the wakes and separations on both elem^ts are then relaxed. This process 
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is continued forward until all separations and boundary layers are relaxed simultaneously. 
In the cases run to date, this procedure has produced well-converged solutions. These 
techniques tend to produce steady fwward movemeit of the separatim point and so are 
probably overdamped. However, this type of convergence has led to a high success rate in 
obtaining relaxed solutions, though requiring a longer solution execution time. 


Reference 

Bl. Schlichting, H.: Boundary Layer Theory, McGraw-Hill Book Co., Inc., pp. 238-251, 
391-406, 566-579. 
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APPENDIX C: 

INVERSE BOUNDARY LAYER TECHNIQUE FOR PRESSURE 
DISTRIBUTION SYNTHESIS AND OPTIMIZATION, PROGRAM A427 

Definitiixi of Airfoil Pressure Distribution 

At low Mach numbers, the performance of an airfofl is either defined or limited by the 
boundary layer and the requiremmit of a reascmable (w buildable) thiciaiess form. To 
proceed with a rational design process, one must have a boundary ]ay& tecimique that, 
given boundary layw parameters, will compute a pressure d&tributim and, hopefully, s 
constrained to produce <mly pressure distributions that are realistic. 

With such a computatimial tool in hand, the designer m^^t take aovantage of the airfoil 
design process shown in figure Cl. The most notable aspect of this process is that it 
proceeds from p^fwmance requirements to initial cmitour mitirety in the inverse mode, 
first to compute a desirable pressure distributim, and then to compute an initial airfoil 
contour. The last block, the detailed analyst and refinement stage, is the last remnant of 
trial and mror and, fm* the small changes involved in refinement, this is probably 
desirable (or at least inevitable). 

Inverse Boundary Layer Equatiems 

An inverse boundary layer technique is a solutioi to the boundary layer equati<ms where 
boundary layar parameters are specified and a pressure distributiem is computed. The 
boundary layer momentum equatim, Garner^ equation fa* m parameter imriation, and 
the Ludwig-Tillman equatioi fa* the wall shear stress are us^. These equations are 
arranged to solve fa* a velocity distribution, given a variation in the form parameter 
H [ = f(s/c)]. The sohitioi technique is shown bdow. 

Solving Gamer's equation fa* the velocity derivative produces 

d(u/Uoo) dH/d(s/c) 0.0315(H-l.4)u/u„, 

d(s/c) ~ (u/u^*e4.(H-1.4) 


For le momoitum equation, solve for d(9/c)/d(s/c) 

d(g/c> ^ -(H + 2) d(“/Uoo) 

d(s/c) pu^ u/Uoo d(s/c) 

The wall shea" stress coefficient, r^j/pu2, given by Ludwig-Tillman, is 

~ « 0.123 (Rp)'^-268 • 10-0-678H 

pu*- 


"DING PAGE BLANK NOT FILMED 
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Probtam definition 


Pratiminary pfessure* 
distribution optimizer 



Figun Cl. 


• Perfoimance raquiraments 
both on and off darign 

• Structural restraints 



Initial 



Process 




The momentum thickness ratio, 9/c, and velocity ratio are given by integrating equations 
(1) and (2) numerically with a known H(x/c) (and thus known dH/dx/c). 


eic 


d(g/c) 

d(s/c) 


• ^/c 


(4) 


U/Uoo 


d(u/Uoo) 

d(s/c) 


• As/c 


(5) 


^S/C is the integration step in arc length. 

Equatims (1) through (5) should be relaxed at each step for average values of u/uoe and 
6/c. 

Pressure Dtetribution Synthesis 

With this inverse turbulent boundary layer technique and an appropriate pressure 
distribution architecture, <me may quickly design a pressure distribut:(xi on me surface of 
an airfoil. To explain the way the pressure distribution is synthesized, consider the 
simpler of the two architectures available, the rooftop (fig. C2). This architecture is 
characterized by an acceleration regim starting at the leading edge and terminating at an 
input fair point. Constant pressure is assumed from the fair point to the input beginning 
of turbulent recovery (recovery point). The turbulent recovery spans the remainder of the 
airfoil and facilitates pressure recovery from Jte rooftop pressure to the desired trailing* 
edge pressure. The rooftop pressure is not input, txit is found by the inverse boundary 
layer equaticsis by employing the iterative procedure explained in the following 
paragraph. 

Iterative Procedure fat Determining Minimum Cp 

Given a fair point, a recovery point, a trailing-edge pressure, and an estimate of rooftop 
pressure (Cpmin)> the pressure distribution is assembled up to the recovery point. This 
pressure distribution then is analyzed to provide the starting values of H and a/c for the 
inverse turbulent boundary layer module. Having these values, the recovery pressure 
distribution is computed from Cpu,iji at the recovery point to the trailing edge, using the 
desired variatim of form parameter in the recovery region. If the computed trailing-e(%e 
pressure is not the one desired, Cpniin is incremented, the pressure distribution up to the 
recovery point is reassembled, and the process is repeated to convergence. 

Lower Surface Pressure Distribution 

Since the total pressure distribution must represent a realistic airfofi and the tg>per 
surface pressure distribution is defined by boundary layer considerations alone, the lower 
surface pressure distribution must be defined by the thickness requirements specified by 
the designer. In the present program, a standard thickness fmm is used, the NACA 
OOXX. which is scaled to the designer^ desired maximum thickness. So with a single 
input, t/cmaxt the designer obtains a lower surface pressure d^ributim, which will result 
in an air^Q that has the upper surface shape required to produce the designed iq>per 
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End of initW acctieration (fair point) 


Beginning of the turbuter: 
ncoverv (recovery point) 



Defined by inverse boundary 
layer equations and desired 
form parameter variation 


Trailing edge Cp 


Lower surface Cp detennined 
by desired T/C^„ 


Figure C2. The Rooftop Pressure Distribution Architecture 


surface pressure distribution, and a lower surface contour, which results from a NACA 
00 XX thickness of the desired maximum thickness-to-chord ratio. Linear airfoil theory 
is used to accomplish this. 

Four-Region Architecture 

While the rooftop architecture is effective and simple to use for the preliminary steles of 
pressure distribution optimization, it allows very littK Hexibility for controlling the 
laminar and transitional portiem of the boundary layer. As will be shown later, the 
transition point position is often of first-order impcrtance to the airfoil design problem. 
To allow for more precise control of the laminar boundary layer, the four-region pressure 
distributiixi was devised. 

This architecture is shown in figure C3 and is characterized by an acceleratim region (I), 
a region of constant pressure gradient (n), a laminar stressing region (m), and finally the 
turbulent recovery region (IV). The feir point is input as befesre and, in addition, the 
desired value of pressure gradiei.t is given for region n. A desired point of initiation of 
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Fair point 



Baginning of laminar ttraning 


Racovary point 


Figure 73. Four-Region Pressure Distribution Archhecture 


laminar stressing and a desired value of laminar form parameter are given for region 
111. A simple inverse laminar boundary routine is used to produce the pressure distribution 
required to produce the desired laminar form parameter. R'^on in may be used for 
either st: essing the laminar boundary layer to achieve rapid transition without separation, 
or may be used to avoid transition, depending upon the value of H specified. The equations 
used in this region are shown below. 




C • (s/c) 


(1-H/2.SS) 

0.94 




(l-H/2.55) 

0.94 


( 6 ) 


( )o refers to the values at the begining of region m. 

In the derivation of these equations, some liberty was taken in dropping terms for 
simplicity; however, practice has shown this relationship to be remarkably accurate. The 
parameter Cpmin defined as the pressure at the beginning of region m. Region IV, the 
turbulent recovery region, is deHned by the inverse turbulent boundary ' ayer technique as 
described eerlier. 
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Optimizatioi Using an bitaraetive Program 

The pressure distribution design technique described has been implemeiited in an inter- 
active optimization program. That is, the program user operates the computer program 
in a conversational mode where input is requested by typed messages and givm\ to the 
program, real time, by responding with typed input at a terminal. Ou^ut is printed or 
plotted immediately at the terminal at the request of the user. 

The options available in this optimization program are illustrated in figure C4 and are 
summarized in the following paragraphs. 

The design is initiated by giving the program the flow conditicms and details of the 
architecture chosen. The type of form parameter variation then is chosen (this program 
allows a constant fcx’m parameter or linear, quadratic, or ezpoiential variation to be 
specified with very little input). An arbitrary H variation may be used if a Hie of the 
desired values of H as a function of x/c has been previous]^ generated. With this 
completed, the program enters the design module and displays Ci, Co> Cm, and a plot of 



Figure C4. Block Diagram of Interactive Prassure'Distribution Optimizer 
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the designed pressure distribution. This whcle process takes about 30s. At this point, the 
user may redefine the H variation or any other of the design parameters; if the design 
point pressure distribution is satisfactory, he may analyze the pressure distributitxi at an 
ofl'-design Reynolds number or trip locatioi, or he may analyze the pressure distribution 
off-design in lift (accomplished by adding an angle-of-attack velocity distribution to the 
design distribution using linear theory). The results of any of these off-design analyses 
arc printed end plotted immediately at the terminaL In the event a desirable pressure 
distribution is generated, a preliminary airfoil contour may be requested. ITiis is 
accomplished by a simple linear inverse program due to TVukenbrodt, and the airfoils 
produced should be considered as starting points for more accurate design methods. They 
are, however, excellent benchmarks to cheek the resulting airfoil's fidelity to structural 
restraints (such as a restraint on maximum camber or compound surfaces). 

To indicate the cost-effectiveness of this approach, consider that to define a pressure 
distributiem, check it at sevetal Reynolds numbers and off-design angles of attack, and 
produce a preliminary airfoQ takes about 7 min on a PDF 11-70 or about 8 min on a CDC 
Cyber 176. More time is required when the more powerful machine is used because of its 
lower data transmission rate; the rates currently available are 300 baud on the 176 and 
9600 baud on the 11-70. 
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APPENDIX D: DEFINITION OF AIRFOIL GEOMETRY 


Ordinates describing the leadii^-edge flap, main flap, ana aft flap derived fron. the 
design of subta^ 4.3.1.2.d (discussed in sec. 4.1.c) are provided in table Dl. This high-iift 
airfoil ^section has been designed to produce maximum lift at a Reynolds number typical 
of flight ccndHions (17 x 1C6). 

Ordinates describii^ the leadii^-^dge ilsp and trailing-edge flap d**rived from the 
simplified design of subtask 4.3.1.2.e (discussed in sec. 4.1.d) are p. .oed in tablo D2. 
This high^ft airfoil section has t'.an designed to produce the same maximum lift 
coefficient as the baseline airfoil section at fU^t Reynolds number, but with improved 
lift'to-drag performance and with three elements, rather than with the four-el. ment 
baseline. 

The cruise wing section for both designs was identical with the bu;^>Une and is defined in 
figure A3. 

All flaps have been defined in their deflected positi<Mis. 
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Table 01. Design Ordinates 


Main flap ( 

XJC 

I Y/C 

1J04473 

338822 

1J0313B 

339027 

1J02006 

3.08640 

1XQB02 

338433 

0S9832 

338507 



0J8727 

038580 

0JBB164 

338565 

0J97Q21 

338210 

0J9S824 

33H48 



0^t$33 

335902 

0.89886 

3J»209 

0J8239 

334517 

0JB7141 

3.04056 

0J6S06 

333723 



0.8582 

3.0325 

0.8SSB 

3.0275 

0J55 

33235 

0J55 

3.02 

0J3655 

33165 

0JB67 

33125 

0J6024 

330885 

0.86796 

330232 

0J67647 

330059 

0.88441 

330105 

0.89181 

330279 

039887 

330477 

030566 

330711 

031225 

330968 

032489 

331506 

033699 

332107 

034874 

332741 

036019 

333408 

037139 

334109 

038230 

3.04851 

038286 

3.(»643 

130358 

3.06410 

131321 

337195 

132283 

337980 

1.03244 

338769 

134473 

339822 


Laading adga flap | 

x/c 

1 Y/C 

331160 

0310 14 

331516 

0.00497 

331832 

330005 

332126 

330510 

332413 

331011 

I 3.02688 

3.01488 

3.02973 

3.02026 

3.035’^. 

3.03082 

3.039 it 

3.04049 

I 3.04425 

3.0S279 

i 334734 

336632 

-0.04478 

3.0^92 

•034078 

3.08337 

-0.03955 

338768 

3.04121 

3.09389 

•0.04483 

339742 

•0.04801 

3.09689 

-0.05115 

3.09688 



3.05535 

339574 

3.05764 

339437 

-0.05850 

339380 

335974 

3.08288 

336189 

338088 

336297 

338965 

3.06456 

3.08747 

336590 

3.08521 

3.06720 

3.08257 

3.06922 

3.07608 

336890 

3.07011 

3.06975 

3.06442 

-0.06899 

3.05885 

336776 

335339 



336393 

3.04^ 

•0.06136 

3.03768 

336839 

3.03268 

■osmas 

332783 

336074 

332326 

-0.04625 

3.01882 

-0.04153 

3.01451 

•0.03666 

331030 

•033168 

330617 

332666 

330207 

332167 

030202 

-0.01603 

030631 

3.01160 

031014 


Aftflap 1 

X/C 

1 Y/C 

138186 

•0.19478 

136084 

3.18988 

137928 

3.18467 

137656 

3.17487 

137383 

3.16466 

137070 

3.16481 

136ra0 

3.15025 

136702 

3.14553 

136473 

3.14027 

136249 

3.13602 

136967 

•0.13144 

135726 

3.12TO 

136428 

3.12200 

135210 

3.11768 

134895 

•0.11327 

134484 

3.10962 

134210 

3.10796 

133933 

3.10664 

1.03662 

3.10594 

133429 

3.10696 

133215 

3.10661 

133042 

3.10631 

132960 

3.10881 

132900 

3.11140 

132869 

3.11280 

132927 

3.11379 

1.03075 

3.11609 

1.03343 

3.12023 

133879 

3.12852 

134417 

3.13682 

1.04962 

3.14610 

136025 

3.16168 

136564 

3.16898 

137100 

3.17826 

137637 

3.18655 

137906 

3.19071 
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TM» 02. 


1 SimpUfM leadbtg wigt Oap | 

XJC 

ya: 

0.01047 

0.01K1 

0X10677 

0.01564 

0X10253 

0X11188 

•0X10168 

0.00784 


■ Ml 

•0.00821 

•0X10067 

•0X11266 

•0.00684 

•0.01500 

•0.01141 

•0.01836 

•0.01654 

•0.02044 

•0.02186 

•0.02211 

•0.02733 

•0.02340 

•0.03324 

•0X12411 

•0X13916 

•0.02407 

•0XM803 

•0.02380 

•0X14923 

•0.02330 

•0X15198 

•0.02263 

•0XS624 

•0.02184 

•0X15778 

•0.020ra 

•0X18062 

0.0iei74 

•0.06399 

■0.01684 

-0.06652 

-0.01440 

-0X16891 

•0.01152 

•0X17087 

•0.00643 

•0.07219 

-0.00405 

•0.07201 

•0.00134 

•0X17315 

0.00379 

•0.07200 

0.00038 

•0.06743 

0.00940 

•0.06480 


•0XI62» 

0.00880 

-0.00000 

0.00760 

•0X15800 

0.00600 

•0.06780 

0.00250 

•0.05740 

0.00000 

•0.05700 

X1.00370 

•0X15620 

•0.00920 

•0.05540 

•0.00640 

•0.04660 

•0.00710 

•0.03500 

•0.00610 

•0X12410 

•0.00600 

•0.01320 

•0.00380 

0.00000 

0.00000 

0.00570 

0.00350 

0X11000 

0.00730 

0X11480 

O.O'OOO 

0.01800 


S’mpii^ Ordham 


StmplHtod traiilnB «dot flip, ^ttb * (3^ 


1J048M 

1JM762 

1.04478 

1.04214 

1JQa043 

1A3378 

1XB819 

1X11811 

1J01162 

1X10384 

0J8773 

0J87732 

0JB8768 


0J2281 

0J80820 

0JBe411 

0.87954 

0X17178 

0J8863 

0J6217 

0.85842 

0.85580 

0.85442 

0.85»0 

0JU424 

0J6546 

0J67» 

0.85807 

0.86106 

0.86297 

0.86437 

0.86578 

0JB6786 

0.87007 

0.87242 

0^7501 

0.87758 



•0.14575 

•0.14374 

•0.14019 

•0.13661 

•0.13281 

•0.12885 

•0.11826 

•0.10853 

■0.00970 

•0A8888 

-0X18431 

•0X18048 

•0X17719 

-0X17207 

-0X16707 

•0X16178 

•0.05687 

•0X15173 

•0X14^8 

•0XM445 

•0X14275 

•0X14079 

•0X13822 

•0X13638 

•0X13182 

-0X12730 

•0X12376 

-0X11931 

•0X11524 

-0X11222 

•0X10946 

•0X10721 

•0X10573 

•0.00438 

•0X10256 

- 0.00002 

0XNX»7 

0X10186 

0X10281 


OJB0611 


OJ00761 

0.91311 


0X10181 


L*A'J jIM 


•0X10109 

•0X10375 


0.83382 

•0X11807 

0J94343 

•0X12231 






0J6282 

•0X13614 

0J7242 

•OXM101 

OJ0817O 

•0XM811 

OM008 

•0X16474 


I 


1X10660 

•0XM621 

1.00778 

•0XW674 

1.01036 

•0XMB40 

1X11309 

•0.07018 

1X11579 

•0X17212 

1.01646 

•0X17455 

1X0073 

•0X17743 1 

1X0231 

•0X10024 

1X03U 

•0X10330 

1.02646 

•0X10600 

1X0730 

•0X18203 

1X13221 

•0.10388 

1X13644 

•0.11380 

1X14064 

•0.12428 

1.04347 

•0.13087 

1X14534 

•0.13665 

1X14705 

•0.13946 

1.04848 

•0.14256 

1.04960 

1 

•0.14551 
















